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(57) ABSTRACT

The present invention comprises an in vitro enzymatic pro-
cess that effectively converts renewable polysaccharides into
high yields of hydrogen at mild conditions, using only
enzymes and water. The process comprises a number of
enzymes: (1) phosphorylases, (2) phosphoglucomutases, (3)
hydrogenases, and (4) enzymes involved in the pentose-phos-
phate pathway. Preferred embodiments of the process pro-
duce only hydrogen and carbon dioxide as net products, trans-
lating into an inexpensive method of generating hydrogen in
very large quantities from low-cost feedstocks.

20 Claims, 3 Drawing Sheets
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1
BIOHYDROGEN PRODUCTION BY AN
ARTIFICIAL ENZYMATIC PATHWAY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application relies on the disclosure of and claims
priority to U.S. Provisional Patent Application No. 60/799,
685, filed May 12, 2006, the entire disclosure of which is
hereby incorporated herein by reference.

GOVERNMENT CONTRACT

The United States Government has rights in this invention
pursuant to Contract No. DE-AC05-000R22725 between the
United States Department of Energy and UT-Battelle, LLC.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to biotechnology in the fields
of agriculture and energy production. More specifically, the
present invention relates to the production of hydrogen from
renewable polysaccharides through enzymatic catalysis of
polysaccharides substantially into hydrogen and carbon diox-
ide.

2. Discussion of Related Art

Climate change and the eventual depletion of the world’s
fossil-fuel reserves are threatening sustainable development
(Morris, 2006; Hoffert et al., 2002; Farrell et al., 2006).
Hydrogen is a mobile energy carrier and is abundant, clean,
and of course does not contain carbon. According to the
United States Department of Energy (2004), R&D priorities
for the future hydrogen economy include (i) decreasing
hydrogen production costs, (ii) finding viable methods for
high-density hydrogen storage, (iii) establishing a safe and
effective infrastructure for seamless delivery of hydrogen
from production to storage to use, and (iv) dramatically low-
ering the costs of fuel cells and improving their durability.

Hydrogen is a very promising alternative for storing energy
rather than employing fossil fuels. Hydrogen can be utilized
in a fuel cell, which is an electrochemical device that converts
the chemical energy of a reaction directly into electrical
energy. A fuel cell is a highly efficient device for generating
power and heat. Fuel cells offer the potential to significantly
decrease reliance on fossil fuels. However, fuel supply is one
of'the major obstacles preventing widespread commercializa-
tion of such devices.

Most fuel cells operate by using hydrogen gas as the reac-
tant, generally made by reforming (converting) a hydrogen
compound. Hydrogen-rich fossil fuels are most commonly
reformed using catalytic steam reforming, auto-thermal
reforming, or catalytic partial-oxidation reforming. For fuel-
cell technology to sustain our energy needs, though, renew-
able sources of hydrogen are required. Examples of non-
fossil-fuel based hydrogen generation include electrolysis of
water using solar or wind power, hydropower, or geothermal
energy; thermochemical water splitting; waste gases at indus-
trial sites; gasification of biomass; and bio- or photobiologi-
cal systems that produce hydrogen gas upon digesting organic
components or upon absorption of sunlight.

Unlike electricity, which must be used as it is produced,
hydrogen can be stored until needed. The low density of
hydrogen, however, translates into a low energy density, par-
ticularly in comparison with traditional fuels. Even factoring
into account the higher efficiency of'a fuel cell compared with
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traditional power-generation methods, the low energy density
ot hydrogen dictates potentially inhibitive storage and trans-
portation methods.

Polysaccharides can be a good means of storage for hydro-
gen because polysaccharides contain about 6.2% by mass H,
per sugar unit, and when it reacts with water, it can produce 12
moles of dihydrogen. So the potential hydrogen storage
capacity is around 15%. A material with 15% hydrogen stor-
age capacity exceeds even long-term objectives for hydrogen-
storage technologies, according to U.S. Department of
Energy goals (Schlapbach and Zuttel, 2001). In order to actu-
ally extract hydrogen from polysaccharides and water, the
overall reaction C,H,,05+47 H,O0—=6 CO,+12 H, needs to
take place, where C,H,,0O5 represents glucan repeat units
contained in biomass, such as starch or cellulose.

There have been several paradigms for converting biomass
to hydrogen: (1) direct polysaccharide gasification (Antal et
al., 2000); (2) direct glucose chemical catalysis (Cortright et
al.,2002; Huber et al., 2003); (3) anaerobic fermentation (Das
and Veziroglu, 2001; Hallenbeck and Benemann, 2002); and
(4) ethanol fermentation (Lynd et al., 2002; Zhang et al.,
2006; Zhang and Lynd, 2004) followed by ethanol reforming
(Deluga et al., 2004). The conventional chemical methods
have low hydrogen yields (<60%) and require high reaction
temperatures (e.g., 500-900 K) (Antal et al., 2000; Cortright
etal., 2002; Huber et al., 2003). Anaerobic hydrogen fermen-
tation is well known for low efficiency with a maximum yield
of 33% (Das and Veziroglu, 2001; Hallenbeck and Ben-
emann, 2002). The combination of ethanol fermentation and
reformation can produce 10 H, per glucose unit (83% yield).
Considering 5-10% fermentation loss and around 5% reform-
ing loss (Deluga et al., 2004), the practical hydrogen yield
through ethanol could be approximately 75% of the maxi-
mum yield (the maximum yield being 12 H, per glucose unit).

Storage and distribution of solid polysaccharides to be
converted to hydrogen could address many challenges of the
hydrogen art today. If a practical process and apparatus could
be used directly on board mobile applications, such as
vehicles, several problems associated with hydrogen-storage
devices could be solved. Namely, energy loss for hydrogen
compression or liquefaction would be avoided. Additionally,
high temperatures for H, desorption would no longer be nec-
essary. Furthermore, solid hydrogen storage materials life-
time and hydrogen refilling time are not problems to practical
applications any more. Also, storage and distribution of car-
bohydrate is very safe as compared to gaseous hydrogen.

The biochemical pathway for molecular hydrogen produc-
tion from elemental hydrogen is known. An electron on pho-
tosystem I (either isolated photosystem I or photosystem I in
thylakoids) is excited, typically by light, to a higher energy,
resulting in the donation of an electron to an exogenous
electron carrier that in turn can transfer electrons to the
enzyme hydrogenase. In this process, oxidized photosystem I
can then extract an electron from an electron donor, either
directly or through an electron transfer chain, such as that
found in the thylakoid membrane. Where water acts as the
electron donor, the electron transfer chain includes photosys-
tem II. Meanwhile, two reduced electron carrier molecules
are able to donate electrons to the enzyme hydrogenase.
Hydrogenase combines two electrons with two protons to
form a hydrogen molecule.

Aerobic oxygen-producing photosynthetic organisms, or
subcellular components from such organisms, have been used
previously to make hydrogen gas (Benemann et al., 1973;
Rosen and Krasna, 1980; Rao et al., 1978). The components
of cell-free (i.e., in vitro) systems reported in these references
require isolated thylakoids or solubilized photosystem I from
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thylakoids; an electron donor, such as water or an artificial
electron donor such as dithiothreitol or ascorbic acid; a hydro-
genase capable of accepting electrons from photosystem I
that can catalyze the combination of two electrons and two
protons to form molecular hydrogen when electrons are
received from an electron donor that can be oxidized by the
hydrogenase; and an exogenous electron carrier that is
capable of accepting electrons from photosystem I and can
donate electrons to the hydrogenase.

At least two groups of oxygen-producing photosynthetic
organisms are capable of producing hydrogen in vivo. These
include cyanobacteria and green algae. Cyanobacteria gener-
ally use the enzyme nitrogenase to produce molecular hydro-
gen. Electrons used in this molecular hydrogen-producing
process are derived from stored carbohydrate and are used to
reduce ferredoxin, which is the immediate electron donor for
nitrogenase (Markov et al., 1995). Hydrogenase can also
catalyze molecular hydrogen production in cyanobacteria. In
cyanobacteria, molecular hydrogen production is inhibited
by oxygen and/or light.

Green algae can also photoevolve (i.e., produce) molecular
hydrogen via hydrogenase. The pathway of electron transfer
is currently unknown. The source of electrons for the process
has been shown to be endogenously fermented carbohydrate
(Klein and Betz, 1978). Hydrogen production stops in the
presence of carbon dioxide (Vatsala and Seshadri, 1985),
indicating that the electron sink of carbon dioxide reduction is
a better competitor for photosynthetic electron flow than
hydrogenase.

Molecular hydrogen (H,) has a number of commercial
uses. Molecular hydrogen is used for the production of
ammonia; in petroleum refining, where H, is used throughout
a typical refinery; in the chemical-synthesis industries, when
conversion of a double carbon-carbon bond to a single C—C
bond is desired, or of a triple carbon-carbon bond to a single
or double bond; in the food industry for hydrogenation of
vegetable oils; and in electronic-circuitry manufacture.
Hydrogen is also used extensively today to make methanol,
fertilizers, glass, refined metals, vitamins, cosmetics, soaps,
lubricants, and cleaners. Further, pure hydrogen is an excel-
lent fuel, both in traditional combustion engines as well as in
fuel cells, and produces only water vapor when oxidized with
oxygen. Liquid hydrogen can also be used as a fuel, such as in
space vehicles.

The state of the art for hydrogen fuel generation today has
many challenges, such as limited yield, high energy input
required, high costs, and additional purification steps to
ensure that the fuel is sufficiently clean. What is needed is an
inexpensive method of generating hydrogen in very large
quantities, sufficient to support extensive use of fuel cells and
other uses of hydrogen. Especially desirable are practical
processes, compositions, kits, and apparatus to convert
renewable feedstocks, such as abundant biomass containing
polysaccharides, directly into hydrogen. It is desired that the
process is capable of high yields to H, and of good mass and
energy efficiency, and ultimately of low cost.

SUMMARY OF THE INVENTION

The present invention provides methods, compositions,
and kits for generation ofhydrogen from biomass. The hydro-
gen so produced can be used for any number of things, and is
well suited for use as a fuel for production of energy. The
present invention is based, at least in part, on integrated net-
work of enzymatic reactions that can convert glucan units
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from polysaccharides plus water to hydrogen and carbon
dioxide:
(glucan),+7 H,O—(glucan),,_;+12 H,+6 CO,

where (glucan) is an anhydroglucose unit, —C.H,,05—.
The hydrogen comes from polysaccharides and water. In
essence, the present invention relies on the energy stored in
polysaccharides to break up water and produce hydrogen.
Polysaccharides can include (but are not limited to) starch,
cellulose, hemicellulose, maltose, isomaltose, cellobiose,
p-1,4-glucan, §-1,3-glucan, §-1,6-glucan, a-1,4-glucan, -1,
6-glucan, or any other oligomers of monomeric sugar units
linked by glycosidic bonds.

In a first aspect, the invention provides a process or method
for producing hydrogen from a polysaccharide. In general,
the process comprises: reducing the length of the polysaccha-
ride by converting at least a portion of it to glucose-6-phos-
phate; and generating hydrogen from the glucose-6-phos-
phate. The process may be carried out through a number of
specific chemical and enzymatic steps.

For example, the process of reducing the length of the
polysaccharide may comprise phosphorylating a terminal
glucan unit of the polysaccharide, resulting in cleavage and
release of the terminal unit from the polysaccharide from
which it originated. Such a phosphorylation can be accom-
plished by any number of phosphorylases, which can couple
cleavage of a glycosidic bond in polysaccharide to incorpo-
ration of a phosphate group into areleased glucan unit to form
glucose-6-phosphate. The process does not use ATP or other
high energy phosphate-bond compounds.

In addition, production of glucose-6-phosphate may be
accomplished by any suitable means. Preferably, the glucan
unit released from the polysaccharide is a glucose-6-phos-
phate unit. However, more typically, when enzymatic reac-
tions are used, it will be a glucose-1-phosphate unit, which
must be isomerized to a glucose-6-phosphate unit. Isomer-
ization may be accomplished by any suitable chemical or
enzymatic process. Enzymatic conversion is preferred.

Hydrogen production from glucose-6-phosphate can like-
wise be accomplished by any suitable chemical or biochemi-
cal means. According to preferred embodiments, the glucose-
6-phosphate is converted to hydrogen by way of an enzymatic
process that involves conversion of the glucose-6-phosphate
to ribulose-5-phosphate, typically by way of 6-phosphoglu-
conate (6PG). According to an exemplary embodiment, con-
version of 6 moles of glucose-6-phosphate to 6 moles of
ribulose-5-phosphate yields 12 moles of molecular hydrogen.

Itis well understood that reactions, whether they be chemi-
cal or biochemical, have equilibria and net product ceases to
be formed once the equilibrium for a particular reaction is
reached. To facilitate and maximize production of hydrogen
in the present process, ribulose-5-phosphate is removed from
the reaction equation by conversion of the ribulose-5-phos-
phate to various products. According to the invention, the
product(s) can vary widely, the goal being to drive the reac-
tion toward use of the ribulose-5-phosphate to allow contin-
ued production of hydrogen. A convenient way to decrease
the amount of ribulose-5-phosphate in the system is to
remove it by way of some or all of the enzymatic steps of the
pentose phosphate pathway, which is well-known and widely
understood in the art.

As should be evident, where the process involves enzy-
matic production of hydrogen, the process includes use of a
hydrogenase. The hydrogen produced by the process may be
released to the atmosphere, but is preferably collected and
either immediately used or stored for later use as a fuel source.
For example, the process may comprise at least partial sepa-
ration of the hydrogen from carbon dioxide present in the
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reaction vessel. In addition, some or all of the hydrogen can
be fed into a fuel cell for electricity generation or other energy
production.

Thus, in an exemplary embodiment, the process can com-
prise: (a) providing a composition (e.g., mixture) comprising
at least one polysaccharide and water; (b) providing one or
more enzymes with phosphorylase activity; (¢) phosphory-
lating at least some of the polysaccharide to reduce the chain
length of the polysaccharide and produce glucose-1-phos-
phate; (d) providing one or more enzymes with phosphoglu-
comutase activity; (e) isomerizing at least some of the glu-
cose-1-phosphate produced in step (c) into glucose-6-
phosphate; (f) providing a plurality of enzymes effective to
catalyze the steps of the pentose phosphate pathway; (g)
providing one or more enzymes with hydrogenase activity;
and (h) forming hydrogen from at least some of the glucose-
6-phosphate produced in step (e).

The process of the invention, in its general, basic form or as
described in detailed embodiments, can be performed in any
convenient manner. Thus, all of the chemical or biochemical
reaction steps may be performed in a single reaction vessel.
Alternatively, one or some of the reactions may be performed
separately. The process may be performed as a batch process
or as a continuous process, with hydrogen and waste products
being removed continuously and new raw materials being
introduced.

In embodiments, at least one of the enzymes for phospho-
rylating the polysaccharide is a phosphorylase, such as 1,4-
a-glucan phosphorylase, a-glucan phosphorylase, amy-
lopectin  phosphorylase, amylophosphorylase, glucan
phosphorylase, glucosan phosphorylase, glycogen phospho-
rylase, maltodextrin phosphorylase, maltose phosphorylase,
cellobiose phosphorylase, cellodextrin phosphorylase, and
sucrose phosphorylase. In certain embodiments, at least one
of the enzymes for production of hydrogen is a hydrogenase
from the archaebacterium Pyrococcus furiosus.

Optionally, inorganic phosphate can be added to the pro-
cess in an amount that is in excess of the inorganic phosphate
otherwise generated in the process. In preferred embodi-
ments, phosphate does not accumulate in the system. Also,
preferably, ATP is not generated or consumed during the
process.

Where the process of the invention comprises enzymatic
reactions, the process can also be characterized be reference
to the following enzymatic functionalities: (a) phosphorylat-
ing at least some of the polysaccharide to produce glucose-
1-phosphate; (b) isomerizing at least some of the glucose-1-
phosphate into glucose-6-phosphate; and (c) forming
hydrogen from at least some of the glucose-6-phosphate.

Advantageously, the process can be conducted at low to
moderate temperatures, such as between 10° C. and 100° C.
In some embodiments, no external chemical energy source is
added (other than polysaccharide), and the only energy added
to the system is heat. That s, in general, the overall reaction is
aweakly endothermic reaction, and thus needs small amounts
of heat input. For example, the heat energy added could be
obtained from fuel cells. Preferably, the system is maintained
at a constant temperature, taking into consideration that the
temperature is a function of substrate concentrations, net
heats of reactions, and heat losses in the particular system. In
embodiments, the process comprises heating the reaction to
between about 10° C. and about 100° C.

According to the present invention, the process yield of
hydrogen is typically at least 10 moles of hydrogen per mole
of anhydroglucose units contained in the starting polysaccha-
ride. In preferred embodiments, the yield of hydrogen is about
or at least 11, about or at least 11.5, about or at least 11.6,
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aboutor at least 11.7, about or at least 11.8, or about or at least
11.9 moles of hydrogen per mole of anhydroglucose units
contained in the starting polysaccharide. In especially pre-
ferred embodiments, the yield of hydrogen is 12 moles H, per
mole anhydroglucose units in the polysaccharide, corre-
sponding to 100% of theoretical yield.

The maximum rate of hydrogen production during the
process of the invention is not limited. However, it is prefer-
ably at least 0.1, at least 0.2, at least 0.4, at least 0.6, at least
0.8, or at least 1.0 (or higher) mmol/L/hr.

In an additional aspect, the invention provides composi-
tions that are effective for generating hydrogen in vitro from
a polysaccharide. In general, the compositions comprise: (a)
at least one polysaccharide; (b) water; (c) at least one enzyme
that is capable of catalyzing the conversion of the polysac-
charide(s) to glucose-6-phosphate, conversion of glucose-6-
phosphate to 6-phosphogluconate, and conversion of 6-phos-
phogluconate to ribulose-5-phosphate; (d) at least one
enzyme that is capable of converting NADP*and glucose-6-
phosphate and/or NADP*and 6-phosphogluconate to
NADPH and protons; and (e) at least one enzyme that is
capable of catalyzing the conversion of NADPH and protons
to hydrogen. In preferred embodiments, the composition also
comprises a plurality of enzymes capable of catalyzing some
or all of the steps of the pentose phosphate pathway.

In certain embodiments, the compositions include the fol-
lowing enzymes (as characterized by EC numbers): (i) an
enzyme that is at least 80%, preferably at least 90%, more
preferably atleast 95% identical to EC 2.4.1.1; (ii) an enzyme
that is at least 80%, preferably at least 90%, more preferably
at least 95% identical to EC 5.4.2.2; (iii) an enzyme that is at
least 80%, preferably at least 90%, more preferably at least
95% identical to EC 1.1.1.49; (iv) an enzyme that is at least
80%, preferably at least 90%, more preferably at least 95%
identical to EC 1.1.1.44; (v) an enzyme that is at least 80%,
preferably at least 90%, more preferably at least 95% identi-
calto EC 5.3.1.6; (vi) an enzyme that is at least 80%, prefer-
ably at least 90%, more preferably at least 95% identical to
EC 5.1.3.1; (vii) an enzyme that is at least 80%, preferably at
least 90%, more preferably at least 95% identical to EC
2.2.1.1; (viii) an enzyme that is at least 80%, preferably at
least 90%, more preferably at least 95% identical to EC
2.2.1.2; (ix) an enzyme that is at least 80%, preferably at least
90%, more preferably at least 95% identicalto EC 5.3.1.1; (x)
an enzyme that is at least 80%, preferably at least 90%, more
preferably at least 95% identical to EC 4.1.2.13; (xi) an
enzyme that is at least 80%, preferably at least 90%, more
preferably at least 95% identical to EC 3.1.3.11; (xii) an
enzyme that is at least 80%, preferably at least 90%, more
preferably at least 95% identical to EC 5.3.1.9; and (xiii) an
enzyme that is at least 80%, preferably at least 90%, more
preferably at least 95% identical to EC 1.12.1.3. In preferred
process and composition embodiments, there are no hydro-
Iytic enzymes present.

In another aspect, the invention provides kits for producing
hydrogen from one or more polysaccharides. In general, a kit
of'the invention comprises one or more containers, each inde-
pendently containing one or more of: (a) one or more
enzymes capable of phosphorylating glucan units of a
polysaccharide; (b) one or more enzymes capable of isomer-
izing glucose-1-phosphate to glucose-6-phosphate; (¢) one or
more enzymes capable of producing molecular hydrogen
from oxidation of glucose-6-phosphate, 6-phosphoglucon-
ate, or both. In embodiments, the kits comprise glucose-6-
phosphate dehydrogenase, 6-phosphogluconate dehydroge-
nase, or both. In embodiments, the kits comprise one or more
phosphorylases, one or more phosphoglucomutases, and one
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or more hydrogenases. The kits of the invention can also
contain an enzyme composition as described above.

The kits of the invention can also provide some or all of the
supplies needed to perform a method of the invention (i.e.,
produce hydrogen from biomass). It thus may contain
enzymes, buffers, solvents, containers (e.g., one or more con-
tainers for collecting or using some or all of the hydrogen gas
that evolves from the reaction process and system of the
invention).

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 depicts a synthetic metabolic pathway for the con-
version of a polysaccharide and water into hydrogen and
carbon dioxide according to the present invention.

FIG. 2 shows a diagram depicting a system for generating
and monitoring H, production through a process and system
of the present invention.

FIG. 3 shows the volumetric hydrogen production rate
(mmol H,/L/hr) from 2 mM starch in a process according to
the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

The following description provides a detailed discussion of
certain embodiments and features of the systems, processes,
compositions, and kits of the invention. It is not meant to be
exhaustive of all such embodiments and features, but rather is
presented to give the reader a better understanding of selected
exemplary embodiments and features.

To give the reader a better understanding of the invention,
certain terms are now defined and/or discussed. Terms not
discussed or defined herein are to be understood as being used
in their normal and customary way in the art.

By “polysaccharide” it is meant any oligomer or polymer
of glucan units larger than monomers. Polysaccharide will
thus be used interchangeably with “oligosaccharide”, “glu-
can”, “sugar oligomer”, and “sugar polymer”. Polysaccha-
rides can include (but are not limited to) starch, cellulose,
hemicellulose, pectin, maltose, isomaltose, cellobiose, §-1,4-
glucan, p-1,3-glucan, $-1,6-glucan, a-1,4-glucan, a-1,6-glu-
can, or any other oligomers of monomeric sugar units linked
by glycosidic bonds. Mixtures of any number of polysaccha-
rides can also be used, and such mixtures are included in the
term “polysaccharides”.

As used herein, “enzymes” are protein catalysts that cata-
lyze (i.e., accelerate) chemical and biochemical reactions. As
used herein, “enzyme” is meant to encompass a single
enzyme, mixtures comprising one or more enzymes, or
enzyme complexes. As used herein, “enzyme unit” (or “unit™)
is defined as an amount of an enzyme that catalyzes the
conversion of 1 micromole (um) of substrate per minute. The
conditions for the purposes of the definition of enzyme unit
are a temperature of 30° C. and the pH value and substrate
concentration that yield the maximum substrate conversion
rate.

The Enzyme Commission number (EC number) is a
numerical classification scheme for enzymes, based on the
chemical reactions they catalyze. For the purposes of the
present invention, an EC number will also be used to specify
enzymes. When an enzyme is characterized by an EC number
herein, it is understood that there can be multiple enzymes
from different sources or organisms that all catalyze the same
reaction. The invention is not limited to any particular
enzyme or source of enzymes, but rather to certain enzyme-
catalyzed reactions in a pathway, as will be described below.
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The language “an enzyme that is characterized by EC
2.4.1.117, for example, means any amino acid sequence that
has the EC number 2.4.1.1 according to at least one art-
recognized enzyme information system (such as BRENDA or
KEGQG) as of the filing date of this application.

As is known in the art, “identity” between two enzymes is
determined by comparing the amino acid sequence of one
enzyme to the sequence of a second enzyme. Identity may be
determined by procedures which are well-known in the art,
for example, by utilizing BLAST (Basic Local Alignment
Search Tool at the National Center for Biological Informa-
tion). When enzyme identity is recited in conjunction with an
enzyme EC number, according to the present description it is
to be understood that there can be many different amino acid
sequences that all have the same EC number. Thus, for
example, the language “an enzyme that is at least 90% iden-
tical to EC 2.4.11” means an amino acid sequence that is
computed to have 90% or better sequence identity to at least
one amino acid sequence that has the EC number 2.4.1.1
according to at least one art-recognized enzyme information
system (such as BRENDA or KEGG) as of the filing date of
the present application.

Unless otherwise indicated, all numbers expressing con-
centrations of components, reaction conditions, stoichiom-
etries, and so forth used in the specification and claims are to
be understood as being modified in all instances by the term
“about”, which indicates that the stated value encompasses all
values above or below it by 5% of the value and/or within the
level of error intrinsic to the method of obtaining the value.
Accordingly, unless indicated to the contrary, the numerical
parameters set forth in the following specification and
attached claims are approximations that may vary depending
at least upon the specific analytical technique. The numerical
values set forth are reported as precisely as possible. Any
numerical value, however, inherently contains certain errors
necessarily resulting from the standard deviation found in
their respective testing measurements.

In typical enzymatic practice of certain embodiments of
the methods and use of embodiments of the systems, compo-
sitions, and kits of the invention, the present invention enzy-
matically converts polysaccharides, which can be represented
by the glucan repeat unit —CH, ,O5—, into hydrogen and
carbon dioxide through the following overall (net) reaction:

—CgH ;05— (s)+7H,0 (1)-12H, (g)+6 CO5 (g) [Eq. 1a]

Note that 5 moles of H, are generated from a glucan repeat
unit, while the other 7 moles of H, come from reacted water.
The (s), (1), and (g) tags indicate that the chemical species is
in the solid, liquid, and gas phase, respectively. It will be
understood that polysaccharides will typically be suspended,
substantially solubilized, or completely dissolved in the liq-
uid phase, depending on the particular polysaccharides
selected as well as temperature and other conditions.

FIG. 1 shows a synthetic enzymatic pathway comprised of
13 reversible enzymatic reactions: a) a chain-shortening
phosphorylation reaction catalyzed by phosphorylase yield-
ing glucose-1-phosphate (Eq. 2); b) the conversion of glu-
cose-1-phosphate (G-1-P) to glucose-6-phosphate (G-6-P)
catalyzed by phosphoglucomutase (Eq. 3); ¢) a pentose-phos-
phate pathway containing 10 enzymes (Eq. 4); and d) hydro-
gen generation from NADPH catalyzed by hydrogenase (Eq.
5).

(C6H 1605, #HyO+Piss (C4H 4Os),,. 1 +G-1-P [Eq. 2]
G-1-PG-6-P [Eq. 3]
G-6-P+12 NADP*+6 H,0<512 NADPH+12 H*+6

CO,+Pi [Eq. 4]
12 NADPH+12 H+<512 Hy+12NADP* [Eq. 5]
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In embodiments, the enzymatic pathway of the invention
comprises three main blocks: (a)(1) polysaccharide chain-
shortening phosphorylation catalyzed by phosphorylases,
followed by (a)(2) conversion from glucose-1-phosphate to
glucose-6-phosphate catalyzed by phosphoglucomutase; (b)
the pentose-phosphate pathway, comprising an oxidative
phase, which converts G-6-P to ribulose-5-P, CO,, and
NADHP; and a non-oxidative phase, which can regenerate
ribulose-5-P to G-6-P; and (c) hydrogen generation from
NADPH catalyzed by hydrogenase.

The combination of chain-shortening by glucan phospho-
rylase and the conversion from G-1-P to G-6-P enables the
utilization of the energy stored in glucosidic bonds of
polysaccharides. In contrast, conventional hydrolysis of glu-
cosidic bonds of polysaccharides dissipates such energy.
Because the gaseous reaction products (H, and CO,) can be
removed from the liquid solution simultaneously, the reaction
can be effectively driven forward towards hydrogen produc-
tion, while the polysaccharide chains are being simulta-
neously shortened in concurrent reaction paths.

Generally, the overall reaction can be written as

(glucan),,, H;O—=(glucan), ;5 m+e CO, [Eq. 1b]

where the coefficient b defines the yield of hydrogen obtained
from the starting polysaccharide. Thermodynamically, the
reaction represented by Eq. 1 is a spontaneous process
(AGO°=-48.9 kl/mol) and is an endothermic reaction
(AH®=595.6 kJ/mol) (Atkins and De Paula, 2005). When the
gaseous products (H, and CO,) are continuously removed
from the liquid reaction solution, the net reaction (Eq. 1)
becomes favorable (in the forward direction) according to Le
Chatelier’s principle. Therefore, it is preferable to remove at
least one of the gaseous products as it is formed; it is espe-
cially preferable to remove both products (H, and CO,) at the
same rate that they are formed, to avoid accumulation and
favor complete conversion of the polysaccharide.

More water consumed (a>7 in Eq. 1b) will not generate
more hydrogen, but rather will tend to cause traditional glu-
can hydrolysis, producing shorter chains along with dissipa-
tion of energy into the solution. Polysaccharide chain-short-
ening substrate phosphorylation (Eq. 2) utilizes the energy
stored in the glucosidic bonds of polysaccharides (15.5
kJ/mol glucosidic bond) to produce the activated phosphory-
lated monosaccharide (G-1-P) without ATP consumption. In
essence, energy that is stored in polysaccharides is channeled
to water molecules to break them up and release the energy in
the form of hydrogen.

Polysaccharide hydrolysis can be minimized even with
excess water present, by using a solution that is substantially
free of hydrolytic enzymes (e.g., amylases for starch or cel-
Iulases for cellulose). Therefore, in preferred embodiments of
the invention, the liquid solution does not contain a significant
quantity of active hydrolytic enzymes. Any glycosidic bonds
between two glycoside units contain chemical bond energy.
Simple hydrolysis of glycosidic bonds for polysaccharides
and oligosaccharides dissipates the bond energy of glycosidic
bonds. In nature, phosphorylases can conserve the energy by
substrate phosphorylation.

Phosphorylases are allosteric enzymes that catalyze the
production of glucose-1-phosphate. More generally, phos-
phorylases are enzymes that catalyze the addition of a phos-
phate group from an inorganic phosphate to an acceptor.
Phosphorylases include EC 2.4.1.1 (1,4-a-glucan phospho-
rylase, a-glucan phosphorylase, amylopectin phosphorylase,
amylophosphorylase, glucan phosphorylase, glucosan phos-
phorylase, glycogen phosphorylase, maltodextrin phospho-
rylase); EC 2.4.1.8 (maltose phosphorylase); EC 2.4.1.20
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(cellobiose phosphorylase); EC 2.4.1.49 (cellodextrin phos-
phorylase); and EC 2.4.1.7 (sucrose phosphorylase). Effec-
tive phosphorylases can also be selected from enzymes with
at least 80% identity, preferably at least 90% identity, to the
enzymes recited in this paragraph.

For substrates containing c-1,4-glucosidic bonds, such as
starch, the phosphorylation reactions are as follows:

(1,4-a-D-glucosyl),,, pi zpO—(1 ,4-a-D-glucosyl),_;+
G-1-P maltose+Pi+H,0—glucose+G-1-P
For substrates containing f3-1,4-glucosidic bonds, such as
cellulose, the phosphorylation reactions are as follows:
(1,4-p-D-glucosyl),,, pi zoO—(1,4-a-D-glucosyl),,_;+
G-1-P cellobiose+Pi+H,0—G-1-P+glucose

After a series of phosphorolysis reactions mediated by
phosphorylases, a large amount of G-1-P can be produced
reversibly. The removal of G-1-P will lead to chain-shorten-
ing reactions.

Phosphoglucomutases are enzymes that create a glucose
isomer by changing the site of the phosphate ion, converting
between G-1-P and G-6-P. An example of a phosphogluco-
mutase is the enzyme characterized by EC 5.4.2.2; or an
enzyme with at least 80% identity, preferably at least 90%
identity, to such as enzyme.

Hydrogenases are enzymes that catalyze the reversible oxi-
dation of molecular hydrogen (H,). Hydrogenases play a vital
role in anaerobic metabolism. Hydrogen uptake (H, oxida-
tion) is coupled to the reduction of electron acceptors such as
oxygen, nitrate, sulfate, carbon dioxide, and fumarate,
whereas proton reduction (H, evolution) is essential in pyru-
vate fermentation and in the disposal of excess electrons.
Hydrogenase can produce hydrogen gas from NADPH
according to the following reaction:

NADPH+H*—NADP*+H,

An example of a hydrogenase is the enzyme characterized by
EC 1.12.1.3, or an enzyme with at least 80% identity, prefer-
ably at least 90% identity, to such as enzyme. Some embodi-
ments of the invention employ a hydrogenase isolated from a
hyper-thermophilic archaebacterium Pyrococcus furiosus
(Bryant and Adams, 1989; Ma and Adams, 1994; Ma et al.,
1994; Pedroni et al., 1995; Ma et al., 2000). Although the
NADPH reduction reaction is not driven spontaneously, the
special Pyrococcus furiosus hydrogenase 1 can catalyze
NADPH reduction to generate hydrogen in vitro.

The pentose-phosphate pathway consists of an oxidative
phase, which converts G-6-P into ribulose-5-P, and a non-
oxidative phase, which regenerates G-6-P from ribulose-6-P:

G-6-P+2 NADP*+H,0—>ribulose-5-P+2 H*+CO,+2
NADPH ribulose-5-P-—5/6 G-6-P

In general, selection of a plurality of enzymes that activate
the pentose-phosphate pathway is within the skill of an ordi-
nary artisan. One particular embodiment is discussed in
Example 1 (see Table 1). Other embodiments employ similar
enzymes, such as enzymes with at least 80%, preferably at
least 90%, sequence identity to the pentose-phosphate path-
way enzymes listed in Table 1 (EC numbers 1.1.1.49,
1.1.1.44,53.1.6, 5.1.3.1,2.2.1.1, 2.2.1.2, 53.1.1, 4.1.2.13,
3.1.3.11, and 5.3.1.9).

In some embodiments, enzymes are added directly into the
aqueous solution of polysaccharides. The quantity of
enzymes to add depends on the desired reaction temperature
and residence time. In general there will be concentration of
each particular enzyme above which no further enhancement
in reaction rate occurs. The optimal quantity of enzyme will
be dictated by overall economics.
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The enzymes may be purified (but are not necessarily puri-
fied), and they can exist in the form of mixtures of enzymes or
enzyme complexes with the desired functions. Enzymes can
be added in the form of lysed cells which produced the
enzymes in a previous fermentation process. In this case,
there could also be cell fragments added to the reactor.

In some embodiments, inorganic phosphate (Pi) and coen-
zyme (NADPH) are continuously recycled in the system.
That is, these substances are produced and consumed at equal
rates. A small amount of inorganic phosphate can be added, if
necessary, at the beginning of the process in order to initiate
phosphorylation. Also, if necessary (due to side reactions or
other reasons), additional Pi and/or NADPH can be added at
any point within the process.

The pH of the solution is not regarded as particularly criti-
cal, but pH will impact the activity of each enzyme in a
potentially different way. Also, it is noted that the reaction
that generates H, in the pathway of the invention consumes
protons, the concentration of which is controlled by the pH of
the solution. A person of ordinary skill in the art can readily
perform routine experimentation, given a specific selection of
enzymes, to determine the system-optimum pH, or to deter-
mine a range of preferred pH values, with respect to H, yield
or production rate. In other words, the process of the invention
can comprise adjusting one or more parameters during the
reaction to maintain a parameter or optimize a parameter. An
illustrative range of preferred pH values for some embodi-
ments is pH=2-12, more preferably 4-9, and most preferably
a neutral pH, such as pH 6-8.

Temperature is not regarded as being critical to the present
invention. Low to moderate temperatures are appropriate,
especially when mesophilic enzymes are chosen. The process
can generally be practiced conveniently at one or more tem-
peratures from about 10° C. to about 100° C., preferably from
about 25° C.to about 75° C. Each ofthe enzymes selected will
have its own respective functions of activity versus tempera-
ture, and the overall optimum temperature will be a function
of the specific enzymes chosen. One skilled in the art will
recognize that temperatures outside the range of 10° C. to
100° C. could even be employed, such as when thermophilic
or psychrophilic enzymes are selected. In some embodi-
ments, no external energy is added, and the temperature will
be a function of substrate concentrations, net heats of reac-
tions, and heat losses in the system.

Pressure is also not critical to the present invention, but a
skilled artisan will appreciate that the reaction pressure can
impact the equilibrium distribution of species. A high pres-
sure, such as several atmospheres, would tend to inhibit prod-
uct gas evolution. Conversely, a low system pressure will tend
to push the equilibrium towards products (hydrogen and car-
bon dioxide). For convenience, the reactions are preferably
conducted at atmospheric pressure. The process could be
conducted under a vacuum. Also, the process could be per-
formed in the presence of gases other than those produced or
consumed, such as air, nitrogen, helium, argon, and the like.

The process can be conducted in a batch reactor, a continu-
ous reactor, or some combination of the two. A variety of
means for agitation (mixing) can be employed, or a plug-flow
reactor without internal mixing can be effective. Unconverted
reactants (polysaccharides) can be recycled to the reactor
inlet, as in known in the art.

With respect to Eq. 1b [(glucan),+a H,O—(glucan),, ,+b
H,+c CO,], a person of ordinary skill in the art will under-
stand that the process can be optimized, without undue
experimentation, such that on an overall basis the coefficient
a can be about 7, b can be about 12, and ¢ can be about 6. In
some embodiments, some side reactions do occur, reducing
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the yield to H,. In other embodiments, the hydrogen-atom
selectivity to H, is very high (at least about 90%) but the
polysaccharide is not completely converted to products,
resulting in lower yields. Economics sometimes dictate oper-
ating a process at something less than its highest attainable
yield.

Optimization can also be carried out to improve the overall
reaction rate and the stability of some or all of the enzymes.
Such optimization can include, for example, enzyme compo-
nent optimization via metabolic engineering and modeling;
substitution of mesophilic enzymes by recombinant thermo-
philic or even hyperthermophilic enzymes; protein engineer-
ing to improve enzyme activity and/or selectivity; higher
concentrations of enzymes and substrates; variation of pro-
cess parameters such as pH and temperature; stabilization of
enzymes through additives; enzyme immobilization; and
development of minimal microorganisms to create an in vivo
enzyme system that produces H,. It is within the skill of a
person of ordinary skill in the enzyme art to conduct such
optimization, and the present invention is intended to include
this type of experimentation. Statistical experimental design
can be employed to explore global response surfaces and
establish models of H, yield and rate versus process and
enzyme factors as well as interaction effects.

As mentioned above, one aspect of the invention is a kit for
performing the methods of the invention. In general, the kits
are kits for generating and collecting hydrogen gas. The kits
of the invention comprise some or all of the components
necessary to practice one or more embodiment of the methods
of'the invention. Thus, a kit of the invention can comprise one
or more of: (a) one or more enzymes with some phosphory-
lase activity; (b) one or more enzymes with some phospho-
glucomutase activity; (c) one or more enzymes with some
hydrogenase activity; (d) a container for combining a
polysaccharide, water, and the enzymes from elements (a),
(b), and (c); (e) means for heating the container to between
about 10-100° C.; and (f) means for collecting or using some
of'the hydrogen gas that evolves from the container. The kits
of the invention can also contain an enzyme composition as
described above.

The enzymes, reagents, and additives (if desired) and other
components can be provided in one or more suitable contain-
ers within the kit. The kit can comprise sufficient components
to perform the method of the invention a single time or mul-
tiple times. Kits can be fabricated from any suitable material,
such as plastic, glass, and metal.

Hydrogen has a number of possible uses. Molecular hydro-
gen is used for the production of ammonia; in petroleum
refining, where H, is used throughout a typical refinery; in the
chemical-synthesis industries, when conversion of a double
carbon-carbon bond to a single C—C bond is desired, orofa
triple carbon-carbon bond to a single or double bond; in the
food industry for hydrogenation of vegetable oils; and in
electronic-circuitry manufacture. Hydrogen is also used
extensively today to make methanol, fertilizers, glass, refined
metals, vitamins, cosmetics, soaps, lubricants, and cleaners.
Further, pure hydrogen is an excellent fuel, both in traditional
combustion engines as well as in fuel cells, and produces only
water vapor when oxidized with oxygen. Liquid hydrogen
can also be used as a fuel, such as in space vehicles.

The hydrogen produced by the process of the present
invention can be separated from other substances (e.g., car-
bon dioxide) completely or partially, or it can be used in
conjunction with the other substance(s). When it is desired to
separate at least some of the CO, from the H,, a variety of
separation techniques are known. One such technique



US 8,211,681 B2

13

employs separation by molecular sieves. It would also be
possible to separate CO, from H, using cryogenic distillation,
for example.

An example of direct use of H,/CO, mixtures is acetate
production from H, and CO, using Clostridium aceticum, as
is known in the art. Other means of biochemically, or chemi-
cally, converting H,/CO, mixtures of various concentrations
are also known.

EXAMPLE

The present invention will now be further characterized
and described by reference to the following non-limiting
example, which is intended to be purely exemplary of the
invention, and is not to be understood as limiting the invention
in any way. In summary, the following paragraphs will
describe illustrative enzyme selections and experimental pro-
cedures that demonstrate one embodiment of the invention.

Example 1

Enzymatic Production of H, and CO, from Starch and
Water

To exemplify the practical nature of the present methods,
systems, and compositions, starch was converted to hydrogen
and carbon dioxide in a process according to the present
invention. Experiments were carried out in a continuous flow
system with the moisture traps cooled with ice. All chemicals
and enzymes were purchased from Sigma-Aldrich Co.
(U.S.A)), unless otherwise noted. All enzymes and their
catalysis reactions are listed in Table 1. The working volume
of'the custom reactor was 2 mL. The system was continuously
purged with helium at a flow rate of 50 ml/min. The tem-
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FIG. 2 shows a diagram depicting the hydrogen cell system
of the invention configured for monitoring H, with a sensor
based on the Figaro TGS 822 and O, with a modified Hersh
galvanic cell. The CO, analyzer (not shown) was attached
between the reaction cell and the electrolysis cell. Oxygen as
well as hydrogen and carbon dioxide were monitored in the
gas stream. Hydrogen evolution was measured with a Figaro
TGS 822 tin oxide sensor connected over a bridge amplifier to
a Keithley Model 2000 multimeter (Keithley Instruments,
Cleveland, Ohio). Oxygen concentration was monitored with
a modified Hersh galvanic cell using 24% KOH as the elec-
trolyte connected to a Keithley autoranging picoammeter.
Carbon dioxide production was measured with a LI-COR
CO, Analyzer Model LI-6252 connected to a Keithley 2000
multimeter. The multimeters and picoammeter were con-
nected to a computer through IEEE 488 general-purpose
interface boards. Electrolysis for calibration of hydrogen and
oxygen by Faraday’s law of electrochemical equivalence was
carried out with a Keithley 220 programmable current source
connected to an in-line electrolysis cell. Calibration for car-
bon dioxide was carried out with an analyzed gas mixture
consisting of 735 ppm carbon dioxide and 1000 ppm oxygen
in helium (Air Liquide America Corp., Houston, Tex.).

Data collection and analysis was carried out with ASYST
4.0 software (ASYST Technologies, Inc., Rochester, N.Y.).
The integrated molar/molar yields of hydrogen (Y,,) and
carbon dioxide (Y .,) Were calculated as

f yr2dt
Y2

perature of the jacketed reaction vessel was maintained at 30° 12+AGE
C. with a Polyscience (Niles, 111.) circulating water bath.
TABLE 1
Enzymes and Catalysis Reactions
EC Enzyme Name Reaction Origin Units
24.1.1 glycogen (CeH,Os),, + P; + HLO = (C4H¢Os5),,_; + glucose-  rabbit muscle 10
phosphorylase 1-P
5.4.2.2 phosphoglucomutase G-1-P — G-6-P rabbit muscle 10
1.1.1.49 glucose-6-phosphate G-6-P + NADP" — 6- S. cerevisiae 1
dehydrogenase phosphogluconate + NADPH
1.1.1.44 6-phosphogluconic 6-phosphogluconate + H,O + NADP* S. cerevisiae 1
dehydrogenase — ribulose-5-phosphate + NADPH + CO,
5.3.1.6  ribose 5-phosphate ribulose-35-phosphate — ribose-5- spinach 1
isomerase phosphate
5.1.3.1 ribulose-5-phosphate 3-  ribulose-5-phosphate — xylulose-5- S. cerevisiae 1
epimerase phosphate
2.2.1.1 transketolase xylulose-5-phosphate + ribose-5- E. coli 1
phosphate — sedoheptulose-7-
phosphate + glyceraldehyde-3-
phosphate
2.2.1.2  transaldolase sedoheptulose-7-phosphate + glyceraldehyde- S. cerevisiae 1
3-phosphate —
fructose-6-phosphate + erythrose-4-
phosphate
5.3.1.1 triose-phosphate glyceraldehyde 3-phosphate — rabbit muscle 1
isomerase dihydroxacetone phosphate
4.1.2.13 aldolase glyceraldehyde 3-phosphate + dihydroxacetone rabbit muscle 1
phosphate —
fructose-1,6-bisphosphate
3.1.3.11 fructose-1,6- fructose-1,6-bisphosphate + H,O — E. coli 1
bisphosphate fructose-6-phosphate + Pi
5.3.1.9 phosphoglucose fructose 6-phosphate — glucose-6-P S. cerevisiae 1
isomerase
1.12.1.3 P, furiosus NADPH + H* — NADP* + H, P. furiosus ~70

hydrogenase I
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-continued

reopdt

Yeor = S RGE

in which r,, and r -, are the volumetric production rates in
mmole of H, or C,, per liter of reaction volume per hour, and
AGE is the net consumption of glucose equivalents in mM.

Residual G-6-P can be measured using Sigma glucose HK
kit. The mixtures were incubated at 35° C. for 5 minutes and
the change in absorbance at 340 nm was determined. The
residual starch, G-1-P, and G-6-P were hydrolyzed to glucose
by addition of dilute H,SO, and hydrolysis at 121° C. for 1
hour. The neutralized glucose solutions were measured by a
glucose HK kit.

The solution contained 1 unit of each of the pentose phos-
phate cycle enzymes, approximately 70 units of P. furiosus
hydrogenase, 10 units of a-glucan phosphorylase, 10 units of
phosphoglucomutase, 4 mM phosphate, 0.5 mM thiamine
pyrophosphate, 2 mM NADP+, 10 mM MgCl,, and 0.5 mM
MnCl, in 2.0 mL of 0.1 M HEPES buffer (pH 7.5). The
experiment was conducted at about 30° C.

FIG. 3 shows the volumetric hydrogen production rate
(mmol H,/L/hr) from 2 mM starch. The integrated yields
(mol/mol) of hydrogen and CO, were 5.19 H,/glucan unitand
5.37 CO,/glucan unit, respectively. The yields of hydrogen
and CO, from starch were approximately 43% and 86% of
theoretical yields. It is believed that the reduced hydrogen
yield was due primarily to incomplete conversion and possi-
bly accumulation of metabolites, such as NADPH.

Although illustrative embodiments and various modifica-
tions thereof have been described in detail herein, one skilled
in the art will appreciate that the present application need not
be limited to these precise embodiments and the described
modifications, and that various changes and further modifi-
cations may be practiced without departing from the scope or
spirit of the invention as defined in the appended claims.
Other embodiments will be apparent to those of ordinary skill
in the art, including embodiments that do not provide all of the
features and advantages set forth herein.
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The invention claimed is:

1. A process for producing hydrogen from a polysaccharide
or oligosaccharide, said process comprising:

using synthetic enzymatic pathway(s) for:

reducing the number of glucan units of the polysaccharide

by converting at least one glucan unit to glucose-6-
phosphate;
oxidizing the glucose-6-phosphate and oxidized coenzyme
NADP" or its analog to 12 moles reduced coenzyme
NADPH or reduced analog and 6 moles CO,; and

converting the 12 moles reduced coenzyme NADPH or
reduced analog to 12 moles H, and 12 moles oxidized
coenzyme NADP* or oxidized analog;

wherein the process uses a single reaction vessel or several

cascade reactors;

and wherein an H, yield of 48% of theoretical yield up to

100% of theoretical yield is obtained from conversion of
each glucan unit.

2. The process of claim 1, wherein the polysaccharide
comprises starch, cellulose, or glycogen and the oligosaccha-
ride comprises sucrose, cellobiose, lactose, maltose, cello-
dextrin, or maltodextrin.

3. The process of claim 1, wherein the polysaccharide
comprises cellulose.

4. The process of claim 1, wherein the polysaccharide
comprises hemicellulose.

5.The process of claim 1, wherein the polysaccharide is not
starch or cellulose.

6. The process of claim 1, further comprising at least par-
tially separating the hydrogen from carbon dioxide produced
by the process.

7. The process of claim 6, further comprising feeding at
least some of the hydrogen into a fuel cell.

8. The process of claim 1, further comprising generating
electricity from the hydrogen.

9. The process of claim 1, wherein the maximum rate of
hydrogen production is at least 0.4 mmol/L/hr.

10. The process of claim 1, wherein the synthetic enzy-
matic pathway(s) comprises:
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(a) providing a mixture comprising a polysaccharide or
oligosaccharide with phosphate and water;

(b) providing one or more enzymes with phosphorylase
activity;

(c) phosphorylating at least some of the polysaccharide or
oligosaccharide to produce glucose-1-phosphate and a
shortened polysaccharide or oligosaccharide;

(d) providing one or more enzymes with phosphoglucomu-
tase activity;

(e) isomerizing at least some of the glucose-1-phosphate
produced in step (c) into glucose-6-phosphate;

(f) providing a plurality of enzymes effective to catalyze
the steps of the pentose phosphate pathway for generat-
ing the reduced coenzyme NADPH or reduced analog
from the oxidized coenzyme NADP™" or oxidized ana-
log;

(2) p%oviding one or more enzymes with some hydroge-
nase activity for producing hydrogen from the reduced
coenzyme NADPH or reduced analog; and

(h) forming hydrogen from at least some of the glucose-6-
phosphate produced in step (e).

11. The process of claim 1, wherein the enzymatic pathway

is implemented in a cell-free enzyme mixture.

12. The process of claim 1, wherein the enzymatic pathway

is implemented by way of one or more living microorgan-
isms.

13. The process of claim 1, wherein the yield of hydrogen

is 48% of theoretical yield up to 99.99% of theoretical yield.

14. The process of claim 13, wherein the yield of hydrogen

is at least 10 moles of hydrogen per mole of anhydroglucose
units contained in the starting polysaccharide.
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15. A process for producing hydrogen from a polysaccha-
ride or oligosaccharide, said process comprising:

using synthetic enzymatic pathway(s) for:

reducing the number of glucan units of the polysaccharide

by converting at least one glucan unit to glucose-6-
phosphate;
oxidizing the glucose-6-phosphate and oxidized coenzyme
NADP" or its analog to 12 moles reduced coenzyme
NADPH or reduced analog and 6 moles CO,; and

converting the 12 moles reduced coenzyme NADPH or
reduced analog to 12 moles H, and 12 moles oxidized
coenzyme NADP™* or oxidized analog;

wherein the process uses a single reaction vessel or several

cascade reactors;

and wherein an H, yield is obtained of at least 10 moles of

hydrogen per mole of anhydroglucose units contained in
the starting polysaccharide.

16. The process of claim 15, wherein the polysaccharide
comprises starch, cellulose, or glycogen and the oligosaccha-
ride comprises sucrose, cellobiose, lactose, maltose, cello-
dextrin, or maltodextrin.

17. The process of claim 15, wherein the polysaccharide
comprises cellulose.

18. The process of claim 15, wherein the polysaccharide
comprises hemicellulose.

19. The process of claim 15, wherein the polysaccharide is
not starch or cellulose.

20. The process of claim 15, further comprising at least
partially separating the hydrogen from carbon dioxide pro-
duced by the process.
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